ABSTRACT: The light regime of the water column has a strong structuring effect on aquatic food webs and it has been previously hypothesized that coastal water darkening has increased the success of tactile predators relative to visual predators such as fish. Due to a general lack of time-series of optical parameters, we applied a proxy for light attenuation that depends on salinity and dissolved oxygen at a time of the year when chlorophyll concentrations were low. We present evidence that coastal waters of Norway have darkened as a result of freshening over the period 1935 to 2007. Our results suggest that locations where coastal water penetrates into deep basins have been prone to water column darkening, particularly if dissolved oxygen has also declined. We have estimated that salinity and oxygen variation on the ranges 33 to 35 PSU and 1 to 6 ml O 2 l -1 are associated with up to 8 orders of magnitude difference in photon flux at 200 m depth in a water column devoid of pigments. Our results suggest such darkening needs to be considered in analyses of mesopelagic regime shifts involving mass occurrence of the jellyfish Periphylla periphylla.
INTRODUCTION
Effects of human activities such as fishing, nutrient releases, and changes in freshwater runoff are believed to have transformed coastal ecosystems long before modern ecological investigations began (Jackson 2001) . Although an increasing number of variables are being monitored in coastal waters, time-series of potentially important environmental drivers are still lacking and this makes causal analyses of observed changes unreliable. Water column light attenuation is a particularly critical ecosystem variable. This is not only due to its effect on primary production, but also because most animals are sensitive to light. This sensitivity includes light intensities several orders of magnitude below that required for photosynthesis (Frank & Widder 1994 , Holzman & Genin 2005 , Hernandez-Leon 2008 . Shortterm changes in the light regime of coastal areas might be considerable (Frette et al. 2004 , Gallegos et al. 2005 ), but little is known about long-term changes and consequences. Apart from Secchi disc observations (Falkowski & Wilson 1992 , Sanden & Håkansson 1996 , Aksnes & Ohman 2009 ) long time-series of marine optical properties do not exist. The usefulness of Secchi disc observations is limited because they provide information about surface water only. Proxies of light attenuation would therefore be useful in analyses of environmental change involving e.g. declines in fish stocks (Aksnes 2007 , Daskalov et al. 2007 , submerged aquatic vegetation (Kemp et al. 2004) , nitracline ) and euphotic zone shoaling (Aksnes & Ohman 2009) , and biodiversity changes in general (Jackson 2001) . Such changes could then be analysed in a wider perspective than allowed by commonly monitored variables such as temperature.
It is well-known that coastal water attenuates light more than oceanic water does (Jerlov 1968) . This is partly due to higher concentrations of particulate mat-ter (such as phytoplankton), but also because of dissolved organic matter (DOM) in the freshwater component of coastal water (Aarup et al. 1996 , Højerslev et al. 1996 , Helms et al. 2008 . This tends to give a negative correlation between light attenuation and salinity, and salinity is therefore a potential proxy for light attenuation. In stark contrast to the general lack of optical time-series, measurements of salinity are incorporated in any routine marine investigation. If precipitation and runoff affect salinity, e.g. as a result of climate change (Greene et al. 2008) , we should also expect changes in the coastal light regimes with possible ecosystem implications (Pozdnyakov et al. 2007) .
A long-term freshening of the Norwegian Coastal Water (NCW) has been connected to increased precipitation and runoff in Northern Europe and increased southwesterly winds associated with a high North Atlantic Oscillation (NAO) (Saetre et al. 2003 , Saetre 2007 ). Here we explore whether this freshening might have contributed to a higher light attenuation of the mesopelagic habitat of Norwegian fjords. Previous evidence suggests that light absorption tends to increase with oxygen depletion (Sørnes & Aksnes 2006) , therefore we also explore how water column darkening relates to variations in dissolved oxygen. This is potentially important because decreased dissolved oxygen in subsurface water follows eutrophication and has resulted in oxygen depletion in coastal areas and shelf regions worldwide (Diaz 2001) , including coastal regions of Scandinavia , Johannessen & Dahl 1996 , Nordberg et al. 2000 .
Potential implications of variation in optical properties on food web structure are illustrated in 2 well-studied fjords (Masfjorden and Lurefjorden) that serve as models in the present study (Fig. 1) . Lurefjorden is much darker than Masfjorden (Eiane et al. 1999 , Sørnes & Aksnes 2006 . The 2 main zooplanktivores in Masfjorden are the mesopelagic fishes Maurolicus muelleri and Benthosema glaciale, while such visual predators are practically absent in Lurefjorden. Instead there is a total dominance of the jellyfish Periphylla periphylla and other tactile invertebrate predators (Eiane et al. 1999 , Bagøien et al. 2001 , Sørnes et al. 2007 ). Evidence suggests that Lurefjorden has not always been suitable to P. periphylla, since the mass occurrence apparently was established in the 1970s (Fosså 1992) . It has been hypothesized that a gradual NCW darkening has caused this apparent regime shift by affecting light conditions in favour of tactile predators (Eiane et al. 1999 , Sørnes et al. 2007 ). In recent years there has been an apparent increase in the number of Norwegian coastal locations where such mass occurrences have been observed (J. A. Sneli, C. Schander & K. Eiane pers. comm.). We test here the hypothesis that the water column of Lurefjorden has darkened as a result of the long term NCW-freshening (Saetre et al. 2003 , Saetre 2007 .
Our study consists of 3 parts. Firstly, we establish an empirical relationship between light attenuation on one hand and salinity, dissolved oxygen and chlorophyll on the other. This relationship is based on observations made in fjords along the western coast of Norway at a time of the year when solar radiation and chlorophyll concentrations are low. Secondly, we apply the empirical relationship to salinity measurements of the NCW that extend back to 1935 to estimate longterm increase in the light attenuation of the 2 coastal locations, Lurefjorden and Masfjorden. Finally, we discuss whether the apparent mesopelagic regime shift in Lurefjorden is consistent with the 'darkening hypothesis.' Water samples were collected with 12 l rosettemounted Niskin water collectors and sampling spanned the range 0 to 1200 m depth (Table 1) . Simultaneous measurements of salinity, temperature and dissolved oxygen were obtained with a Seabird SBE 911 CTD (Sea-Bird Electronics). The water samples were acclimatized to room temperature and light absorbance was measured at 400, 420, 440, 450, 460, 480 , 500 and 550 nm with a spectrophotometer (UV/VIS Spectrometer Lambda 2, Perkin Elmer). The purpose of these measurements was to obtain a proxy for light attenuation at great depths. The water samples were not filtered and consequently our modified absorbance measurements include scattering and absorption from particles (such as phytoplankton) that otherwise would have been removed by filtering. Although the particle content is low at this time of the year, particulate scatter and absorption would have contributed to a higher apparent absorbance; we have therefore used the symbol a m instead of the conventional a for absorption. A total of 8 absorbance readings were made for each depth; 2 successive readings were made in a 10 cm quartz cuvette and 2 cuvettes were taken from 2 separate water samples. The blank control contained distilled freshwater purified with a Millipore Simplicity 185 Water Purification System. Our modified absorption measurement, [a m (λ), m -1 ], at wavelength λ, was calculated from absorbance, a m (λ) = 2.303A(λ)/0.1, according to a m (λ). We fitted the exponential function
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to the wavelength specific absorption values obtained at each depth by use of linear regression on the logtransformed absorption. Here C is a constant and k m is the spectral slope factor. As for a m , this coefficient will also be affected by particle absorption and scattering. Particles could potentially also introduce variation during a scan, resulting in a poor fit when fitting Eq. (1), but only 1 out of 71 different sampling depths gave r 2 < 0.95. The reported modified absorption values (a m [500]) represent the regression estimate that was obtained for insertion of 500 nm in Eq. (1) for each sampled depth. We apply this wavelength, rather than the lower wavelengths used in chromophoric DOM (CDOM) studies, because we investigate effects on downwelling irradiance at great depths where 500 nm is representative for the deepest penetrating wavelengths. For the clearest water, the absorbance measurements at 550 nm were at the detection limit of the instrument while measurements below 550 nm were not seriously affected. The precision of the regression based a m (500)-estimate for the clearest water ) in our data set, 95% CI corresponds to ± 7%. Samples (100 ml) for chlorophyll a (chl a) analysis were filtered through 0.45 µm Sartorius filters, and frozen for later analysis using acetone extraction (Holm-Hansen et al. 1965) .
Time-series of salinity and temperature. Due to a shallow sill (20 m), the basin water of Lurefjorden (maximum depth 439 m) contains NCW, which floats above the more saline and dense North Atlantic Water (NAW). The basin of this fjord is renewed by NCW that passes above the 20 m sill, while the deeper NAW is blocked by the shallow sill. Deep basin renewals take place at times when NCW is denser than the residing basin water, which becomes diluted with time due to vertical mixing. We consider sigma-t at 10 m depth at the Sognesjøen station (Fig. 1) to be indicative of the density of the water that renews with the basin water of Lurefjorden.
The sill depth (75 m) of Masfjorden is deeper than for Lurefjorden and the basin water of Masfjorden (maximum depth is 483 m) consists of NAW, although in certain years the salinity of this fjord basin has been slightly affected by NCW and Norwegian Trench Water (Sørnes & Aksnes 2006) . We consider sigma-t at 50 m depth at the Sognesjøen station to be indicative for the density of the water that renews the basin of Masfjorden.
Statistical analyses. The absorption measurements were analyzed in a multiple regression analysis with observed salinity, chl a, and oxygen as the independent variables, and we tested for all possible interaction effects. The software package Statistica version 8 was used for this purpose.
RESULTS
Comparison of Lurefjorden and Masfjorden
The vertical profiles of a m (500) salinity, oxygen, chl a are shown in Fig. 2 . For all depths the a m (500) in Lurefjorden were much higher than in Masfjorden ( Fig. 2A) . The basin water of Lurefjorden contained NCW with salinity of ~33 PSU, while the basin water of Masfjorden contained NAW with salinity slightly above 35 PSU (Fig. 2B) . The difference between the 2 basins was also reflected in the dissolved oxygen concentrations, with 3 to 3.3 and 4.2 to 4.6 ml l -1 below 150 m depth in Lurefjorden and Masfjorden, respectively (Fig. 2C ). The chl a concentrations were low and similar in both basins, but higher in Lurefjorden close to the surface (Fig. 2D) . The measurements of downwelling irradiance at 500 nm suggest that light penetration down to 70 m was 20 times higher in Masfjorden than in Lurefjorden (Fig. 3) . The linear regression analysis between the attenuation coefficients for downwelling irradiance calculated (K d [500] ) from the observations in Fig. 3 (see 'Materials and methods') and the corresponding a m (500) measurements ( ), respectively. All 3 effects were statistically significant and no inter- Table 2 . Mean values and ranges (in parentheses) of a m (500), k m (500) (see 'Materials and methods'), salinity, oxygen and chl a at the 6 investigated locations (see Table 1) action effects were detected (Table 3) . The beta-values, which are a measure of the relative contribution of each independent variable, were -0.73, -0.23, and 0.35 for salinity, oxygen, and chl a, respectively (negative sign indicates negative contribution to a m [500] ). This suggests that salinity had the highest overall effect on a m (500) in the present dataset. It should be noted however that this relationship represents a time of year (October/November) and depth range (10 to 1200 m) where chl a concentrations were low (range 0.05 to 0.6 with mean 0.1 mg chl a m -3
). Eq. (3) implies that decreased dissolved oxygen concentration is accompanied by increased light absorption. In a multiple regression analysis we also obtained statistical significant effects on the spectral slope coefficient, k m (Eq. 1), from dissolved oxygen (p = 5.3 10 -4 ) and chl a (p = 0.02) but not from salinity (Table 4 ). This suggests that the a m (500) of the higher wavelengths was relatively more affected than the lower wavelengths by a decrease in oxygen (Fig. 4) .
Long-term NCW freshening at Sognesjøen
Although seasonal variation dominates the scatter, the salinity measurements obtained at 1 m depth at the Sognesjøen station (Fig. 1) suggest an overall decrease of 1 PSU over the period 1935 to 2007 (Fig. 5) . At 10 m depth the freshening corresponds to 0.6 PSU. At 50 m depth, however, no long-term freshening is apparent (Fig. 5) .
Estimated effect of NCW freshening on darkening in Lurefjorden and Masfjorden
The water masses that periodically renew the basins of Lurefjorden and Masfjorden have to pass over sills that are 20 and 75 m deep, respectively. We will assume that the salinity of these basins corresponds to the salinity of the water masses that intrude from 10 and 50 m depths at the Sognesjøen station, respectively (see 'Materials and methods'). The sigma-t at 10 m peaks in January to April (Fig. 6) , suggesting that the renewal of the Lurefjorden basin is likely to occur at this time of the year. Table 3 . Statistical significance (p-level) of the 4 coefficients in a multiple regression analysis (see Eq. 3). Dependent variable was a m (500) (m -1 ) and the independent variables were salinity, dissolved oxygen (ml l -1 ), and chl a (mg m -3 ) (n = 70). No significant (p > 0.05) interaction effects were found in a stepwise procedure that started with inclusion of all possible interaction effects and successive removal of the highest order non-significant interaction. The β-values are a measure of the relative contribution of each independent variable in the particular dataset ( Chl a 0.0070 0.0030 0.02 Table 4 . Statistical significance (p-level) of the 4 coefficients in a multiple regression analysis where the spectral slope coefficient, k m (see Eq. 1), was the dependent variable and the independent variables were salinity, oxygen (ml l -1 ), and chl a (mg m -3 ) (n = 70)
Over 73 yr an increase in a m (500) from 0.043 to 0.055 m -1 is indicated for Lurefjorden (Fig. 7) , which, according to Eq. (2), corresponds to an increase in K d (500) from 0.059 to 0.071 m -1 . This implies a 2 orders of magnitude darkening at the bottom of the 439 m deep Lurefjorden (i.e. the amount of irradiance that penetrates to this depth is reduced by a factor of 194). It should be noted that this approximation reflects the freshening effect only and not possible effects from changes in oxygen and pigment concentration that might have occurred over the 73 yr.
The sigma-t at 50 m at the Sognesjøen station peaks in April to July (Fig. 6) , which is the likely renewal period for the Masfjorden basin. No freshening-associated change in a m (500) was detected for this basin (Fig. 7) , suggesting the darkening of this fjord has been limited to that caused by freshening of the upper part of the water column where NCW is present. It should be noted, however, that annual variations in oxygen concentration have been observed in this fjord with consequences for basin water light attenuation (Sørnes & Aksnes 2006) .
DISCUSSION
We have shown that salinity and dissolved oxygen, in addition to chlorophyll, can serve as proxies for the light attenuation in coastal waters of Norway, and that freshening and oxygen decline are accompanied with increased light attenuation. Yellow substances associated with fresh water runoff have long been recognized as an important contributor to the light attenuation of coastal water (Sverdrup et al. 1942 ) and this is reflected in the optical classification scheme of marine waters (Jerlov 1968) . The observed negative correlation between light absorption and oxygen appears to be less known. The dissolved oxygen concentration of a fjord basin is affected by the actual organic load and 1940 1950 1960 1970 1980 1990 2000 1940 1950 1960 1970 1980 1990 2000 the turnover time of the basin water (Stigebrandt et al. 1996) , and a low oxygen concentration is indicative of waters where microbial degradation of POM to DOM has occurred for some time. Elevated concentrations of degraded DOM might explain why the a m (500) values are negatively correlated with oxygen concentration in the investigated fjord basins (Sørnes & Aksnes 2006) . Interestingly, Yamashita & Tanoue (2008, p 579) concluded that fluorescent dissolved organic matter is produced in situ in the ocean interior, along with biological oxidization of organic matter, and that it is resistant to biological degradation on centennial to millennial timescales. This suggests that a relationship between light attenuation and dissolved oxygen might be a general feature of deep waters. Helms et al. (2008) showed that aerobic microbial alteration of CDOM in darkness resulted in a change in spectral slope characterized by higher absorption at the longer wavelengths. This might explain the effect of low oxygen on the spectral slope in our study (Fig. 4A , Our results suggest that moderate variations in salinity and oxygen can be associated with variations in light penetration spanning several orders of magnitude due to the integrative effect of light attenuation. The light attenuation above a certain depth not only affects the light intensity at this depth, but also at all depths below. In Table 5 we give the fraction of downwelling irradiance that penetrates through a 200 m hypothetical water column with no chl a but where salinity and dissolved oxygen vary over the ranges 33 to 35 PSU and 1 to 6 ml l -1 , respectively. The difference between the clearest and the darkest water is striking (8 orders of magnitude) and our results suggest that an oxygen drop from 6 to 3 ml l -1 affects light penetration similarly to a salinity drop from 35 to 33.
Has coastal water darkening facilitated mesopelagic regime shifts?
It has been shown previously that mesopelagic fish and zooplankton abundance in different coastal locations correlate with light availability (Aksnes et al. 2004) . Eiane et al. (1999) and Sørnes et al. (2007) hypothesized that (1) light attenuation of NCW has increased and (2) that this has made Lurefjorden less suitable for visual predators and more hospitable for tactile predators. Our results are consistent with the first part of this hypothesis. But it is questionable whether the estimated 2 orders of magnitude darkening (at the bottom of Lurefjorden) associated , respectively, for the entire-time series. Thus variations in a m (500) reflect the variation in the salinity of the source water of the 2 fjords and possible long-term trends in dissolved oxygen, browning, and phytoplankton biomass are not accounted for (see 'Discussion'). The source water for Lurefjorden was defined as the water at 10 m depth at the Sognesjøen station in the period January-April, while 50 m depth (May-July) was the defined source water for Masfjorden (see 'Materials and methods') with NCW freshening, is sufficient to have caused regime shift involving the observed mass occurrence of Periphylla periphylla (Fosså 1992 , Sørnes et al. 2007 ). However, this darkening might be underestimated, as unaltered pigment and oxygen concentration over the period 1935 to 2006 were assumed. Combined with freshening, a hypothetical average decline in dissolved oxygen of 1 ml l -1 in this period suggests a 5-, instead of 2-, order-of-magnitude darkening. Baliño & Aksnes (1993) observed that the mesopelagic fish Maurolicus muelleri has a preference for light on the order 10 -3 to 10 -5 (given as a fraction of daytime surface light, Table 6 ), while evidence (Sørnes et al. 2007) suggest that the preference of P. periphylla is several orders of magnitude lower (Table 6 ). Fjords containing clear Atlantic Water (salinity > 35 and high dissolved oxygen concentration) must be much deeper than 500 m in order to satisfy such preference for low light. The results in Table 5 , however, indicate that combined freshening and oxygen decline can effectively provide darkness in shallow fjords.
Nevertheless, more observations are obviously needed to test whether coastal water darkening has favored tactile predators like Periphylla periphylla over visual predators like Maurolicus muelleri. In recent years there has been an increase in the number of locations with mass occurrences of P. periphylla along the Norwegian coast (J. A. Sneli, C. Schander, K. Eiane pers. comm.). Each of these represents an opportunity to test whether the occurrences are consistent with the 'darkening hypothesis' or whether some of these occur in environments where darkening can be excluded. Locations where time-series of both salinity and oxygen can serve as proxies would be particularly useful to address effects of darkening on marine food web structure in Norwegian coastal areas and elsewhere.
Other factors affecting water column darkening
Altered patterns in precipitation and freshwater runoff are expected from climate change and global warming, yet so far the potential effect of associated changes in water clarity on marine ecosystems have not received much focus. Added to variation in runoff patterns, several studies suggest a 'browning' of freshwater around the North Sea, but also of waters entering coastal areas in general (Evans et al. 2005 , Roulet & Moore 2006 , Monteith et al. 2007 ). Such browning is caused by elevated concentrations of DOM. For UK upland waters, Evans et al. (2006) report a 91% increase in DOC from 1988 up to 2003, but due to a lack of longer time-series the duration of this browning is uncertain. The increased light attenuation indicated in Fig. 7 does not account for such browning and might therefore underestimate the actual NCW darkening, at least in recent years.
Increased marine production associated with eutrophication also implies a darkening of coastal water due to increased pigment concentration as well as a general increase in POM and DOM. Based on observations extending back to 1919, Sanden & Håkansson (1996) Table 6 . Approximated light preferences for the jellyfish Periphylla periphylla and the mesopelagic fish Maurolicus muelleri.
Observations of the mean depth of the daytime vertical distribution of P. periphylla and the light absorbance values in Lurefjorden are from Table 4 in Sørnes et al. (2007) . Their reported light absorbance measurements (A [400 -550] ) represented the average of the 400 to 550 nm range averaged over 100 to 300 m depth. We obtained the following relationship between a m (500) and A (400 -500) : a m (500) = -0.008 + 1.51A (400 -500) (n = 70, r 2 = 0.95, p < 10 -3 ) for our data set and used this relationship to transform the measurements reported in Sørnes et al. (2007) into a m (500). Our Eq. (2) was used to approximate K d (500). The light preference in the last column represents the fraction of light penetrating down to the mean depth of the P. periphylla vertical distribution at daytime, i.e. f = exp(-K d (500) × Z m ). The light preferences of M. muelleri correspond to the midday isolume depth reported in Fig. 5 of Baliño & Aksnes (1993) reported a significant shoaling of the Secchi disc depth in the Baltic Sea during the 20th century. They concluded that this shoaling could be due to an increase in humic substances but was more likely induced by increased phytoplankton biomass. Again, our NCWdarkening estimate does not account for eutrophication effects and increased phytoplankton biomass, which also suggests that the actual darkening has been higher than that indicated in Fig. 7 .
CONCLUSION
Our study suggests that the NCW freshening has been associated with a water column darkening that has been most pronounced at coastal locations where NCW penetrates down to large depths, such as Lurefjorden. Such locations are also vulnerable to oxygen declines that according to our results can magnify the darkening quite substantially. Due to absence of optical time-series we believe that water column darkening has been underrated as a driving force for food web changes in coastal areas around the world. Development of optical proxies, including salinity and oxygen variations, browning, and eutrophication, together with available Secchi depth observations represent an opportunity to assess the significance of changing optics in coastal ecosystems. 
